This paper aims to provide a better understanding of autogenous shrinkage of alkali-activated fly ash-slag (AAFS) pastes at very early age (<24 h). The autogenous shrinkage of AAFS pastes with 10%, 20% and 30% slag replacement ratios of fly ash is measured. The results show that increasing the slag content in AAFS pastes would accelerate the chemical reaction process and cause a higher autogenous shrinkage and chemical shrinkage. The autogenous shrinkage of AAFS pastes in the liquid stage (from 0 h to initial setting time) is caused by chemical shrinkage, which arises from the absolute volume reduction of reaction products comparing with the original volume of unreacted binder. This phenomenon is similar to that found in Portland cement (PC) systems. Nevertheless, in hardening stage (from final setting time to 24 h) the autogenous shrinkage may be not fully attributed to the self-desiccation process that occurs in PC systems. Some other reactions including the continuous reorganization and rearrangement of aluminosilicate gel structure may also contribute to the development of autogenous shrinkage. In addition, the autogenous shrinkage in early 24 h occurs mainly due to volume contraction by chemical shrinkage in fresh state, which occupies approximately 70% of total autogenous shrinkage.
Introduction
Alkali-activated materials (AAM) have been studied over the past decades because of its environmental benefits and superior engineering properties, e.g., mechanical properties and chemical durability [1] [2] [3] . Based on the chemical compositions of raw materials, AAM can be divided into two sole systems, including high calcium system (e.g., alkali-activated slag (AAS)) and low calcium system (e.g., alkali-activated fly ash (AAF)) [4] . However, these two sole systems have some critical drawbacks. For instance, AAS has issues related to fresh properties such as quick setting problems [5] , while AAF needs to be cured under an elevated temperature of 60-85°C [6] [7] [8] . Therefore, it is essential to find a new AAM system, e.g., alkali-activated fly ash-slag (AAFS) blended system, which can achieve superior engineering properties under ambient curing condition [9] [10] [11] [12] [13] [14] [15] [16] [17] . Nevertheless, the practical applications of AAFS remain low mainly due to the uncertain long-term durability and insufficient ability against shrinkage and micro-cracking [18, 19] .
Shrinkage is an important engineering property of Portland cement (PC) concrete that can affect the cracking probability and thus durability of concrete by providing easy access of water and aggressive species into the interior of concrete. Shrinkage is a broad term given to the volume reduction of concrete, which can be classified as different types including plastic shrinkage, chemical shrinkage, autogenous shrinkage, drying shrinkage and carbonation shrinkage [20] . Plastic shrinkage occurs if the water is allowed to escape from the surface of concrete during the plastic state. Chemical shrinkage results from the reduction in absolute volume of hydration products compared to the original volume of unhydrated cement. When concrete is sealed, cement hydration leads to autogenous shrinkage via reducing the internal moisture. When concrete is exposed to normal drying environmental conditions, moisture diffusion of the hardened concrete results in drying shrinkage along with carbonation shrinkage due to the reaction with carbon dioxide [20] .
Similarly, shrinkage is also one of the important properties for AAM based concrete. An increasing number of studies have been conducted to investigate the shrinkage of AAM. It was found that the sole AAM systems have significantly higher autogenous shrinkage and drying shrinkage than PC systems [21] [22] [23] . It was also reported that the shrinkage of the sole systems is influenced by different factors, such as the chemical and physical properties of binder, the type and dosage of alkaline activator, and curing conditions [24] [25] [26] [27] . Up to now, however, there are only a few available studies on shrinkage of AAFS. Deb and Nath [18] and Hojati and Radlinska [28] explored the effect of fly ash and slag proportions and the type of alkaline activator on shrinkage of AAFS mixtures (paste, mortar, and concrete) and found that increasing slag content and decreasing ratio of sodium silicate to sodium hydroxide in AAFS mixtures would result in high autogenous shrinkage and drying shrinkage. Nevertheless, the related mechanism of the shrinkage, particularly the autogenous shrinkage of AAFS is still not clear. Lee et al. [19] studied the shrinkage characteristics of AAFS pastes and mortar during the first 28 days and concluded that autogenous shrinkage of AAFS occurred due to the self-desiccation in hardened state rather than the volume contraction by chemical shrinkage in fresh state. However, this research mainly focused on the autogenous shrinkage at a relatively later age from days to weeks. There is still a lack of theoretical explanation of the autogenous shrinkage of AAFS during the first day after casting.
For PC systems, it is known that autogenous shrinkage is a consequence of chemical shrinkage at liquid stage. After hardening, autogenous shrinkage becomes less than chemical shrinkage since the volume reduction is restrained by a rigid skeleton of hydrating cement paste [20] . With the formation of skeleton microstructure, the contraction of chemical shrinkage is restrained, leading to the formation of voids. In addition, the continuing hydration causes the variation of water molecules and the empty of pores, which finally leads to the decrease in relative humidity as well as the increase in curvature of water-air menisci [29] [30] [31] . Such high curvature of menisci would increase the surface tension and impose compression on the walls of capillary pores and solid hydrates and thus induces contraction in hardened cement paste [22, 32] . This phenomenon is called self-desiccation [20] . According to this theory, the small diameter of pores would increase the curvature of menisci and capillary, and thus cause higher autogenous shrinkage [33] . For AAFS systems, however, the autogenous shrinkage mechanism occurring at first 24 h after casting may be different when compared with the well-known self-desiccation process due to the total different chemical reaction process. The alkaline reaction of AAFS is an extremely complex process, which consists of two basic reaction processes of sole AAM systems (i.e., AAF and AAS). During this process, two main reaction products (i.e., N-A-S-H gel from AAF system and C-A-S-H gel from AAS system) do not develop separately, but they undergo structural and compositional change [34, 35] . Therefore, it is necessary and vital to explore autogenous shrinkage immediately after casting in order to fully understand the mechanisms associated with autogenous shrinkage of AAFS pastes.
The main purpose of this study is to provide a better understanding of early-age autogenous shrinkage of AAFS pastes. The autogenous shrinkage and chemical shrinkage of AAFS pastes with slag content as 10%, 20% and 30% of the total binder during first 24 h after casting were measured. A series of tests were conducted to investigate the mechanisms of early-age shrinkage of AAFS pastes. The workability was measured by flow table test. The early-age reaction and setting process was monitored through isothermal conduction calorimetry (ICC) and Vicat setting time test, respectively. In addition, the internal relative humidity (RH) was measured by humidity data logger. Furthermore, the phases composition and pore structure were characterized by X-ray diffraction (XRD) and mercury intrusion porosimetry (MIP), respectively.
Experimental program

Raw materials
Class F fly ash (FA) and ground granulated blast-furnace slag (GGBS) were used in this study. The chemical compositions of FA and GGBS are shown in Table 1 . The particle size distribution curves are plotted in Fig. 1 , with a volume-based average particle size of 14.77 mm for GGBS (Fig. 1a) and 26.81 mm for FA (Fig. 1b) . The alkaline activator was prepared by mixing sodium hydroxide (>98% purity) with distilled water and sodium silicate solution. The concentration of sodium hydroxide (SH) was 10 M for all mixtures. The SiO 2 /Na 2 O molar ratio of the sodium silicate (SS) was 2.0 with chemical composition of 26.42 wt% SiO 2 , 13.65 wt% Na 2 O and 53.93 wt% H 2 O. The alkali modulus (i.e., the mass ratio of SiO 2 to Na 2 O) in the alkali solution was 1.12. Since the polycarboxylatebased superplasticizers (SPs) not only have a negligible effect on the reaction kinetics of AAFS but also have a significant effect on the workability [36] , it was used to improve the workability of AAFS paste in this work. The properties of SPs are given in Table 2 .
Mixture proportions
The AAFS pastes with three different GGBS replacement ratios for FA were designed and tested in this work. The mixture proportions of AAFS paste are given in Table 3 and denoted with specific codes. The label 'FS' represents AAFS paste, while the number, '10', '20', or '30', stands for the percentage of GGBS replacement for FA by weight. The ratio of alkaline activator to binder by weight (AL/B) was 0.4. The mass ratio of sodium silicate to sodium hydroxide (SS/ SH) was 2.0. In addition, the mass ratio of SPs to binder (B) was 0.01.
Testing methods
Herein, a non-contact testing method was applied to measure the autogenous shrinkage occurring immediately after mixing the AAFS paste and continuing for the first 24 h. Moreover, a series of tests were conducted to investigate the chemical and physical phenomena causing the early-age autogenous shrinkage.
Autogenous shrinkage test
Early-age autogenous shrinkage can be determined by volumetric or linear measurements. Volumetric measurements monitor the volume changes of paste or mortar specimens at a constant temperature, while linear measurements can be used to evaluate the linear dimension change of paste, mortar, or concrete specimens cast in a rigid slab mould and recorded by sensors at one end or both ends of the specimens. Linear measurements can reflect the actual material behaviour as compared with volumetric measurements because the effects of other influencing factors such as thermal dilation and bleeding can be conducted in the slab test [37] . According to the sensors used in the test the linear measurements can be classified into contact and non-contact methods. Linear Variable Differential Transformer sensors (LVDTs) are commonly installed at the centre of the specimen to monitor the autogenous shrinkage [38] . However, this contact method can only be used to measure the linear dimension change of specimens after the setting time. In addition, the installed sensors may damage materials at early age and produce relative displacement during the fluidsolid transition happening around setting. In comparison, the non-contact method with laser displacement sensors is more suitable to determine the initiation point of autogenous shrinkage [39] . Moreover, this non-contact method can provide a stable and accurate result. Therefore, a non-contact method with laser displacement sensors was used in this study to monitor the early-age autogenous shrinkage of AAFS pastes after casting.
The specimen setup for autogenous shrinkage measurement is shown in Fig. 2a , which consists of two elements: 1) a PVC mould with a sealed cover, whose inner size is 70 Â 70 Â 70 mm; and 2) an envelope formed by two PVC plates (i.e., reflecting plates) and a plastic sheet. Oil was spread between the plastic sheet and the mould to limit the friction between paste specimen and mould. The freshly mixed AAFS paste was cast into the envelope positioned in the mould. The mould was then sealed by a plastic sheet and covered by a thick PVC plate to limit the water evaporation of paste. After that, the mould was placed in the shrinkage testing chamber with a constant temperature of 20°C and a relative humidity of 40%. When the paste specimen shrinks, the reflecting plates were dragged along by the paste in the horizontal direction. A laser sensor was then used to detect the reflecting plate's displacement, from which the horizontal deformation of specimen (i.e., autogenous shrinkage) can be calculated (as shown in Fig. 2b ). The trials indicated that the displacement of two plates is almost the same. Thus, only one side's displacement was measured and used to calculate the whole horizontal deformation. The data of shrinkage were logged on a computer at 0.2 s interval for a period of 24 h. To ensure the reproducibility, three duplicate samples were prepared and measured to obtain the mean value of autogenous shrinkage.
Chemical shrinkage test
Chemical shrinkage tests were conducted using a volumetric method according to ASTM-12 [40] . The experimental setup is shown in Fig. 3 . According to ASTM C1608-12, chemical shrinkage was calculated as the measured weight of absorbed water per gram of solid phase in binder in the paste specimen. Here, the changes of water level were measured at 10-min intervals for a period of 24 h. In addition, the data reading started at 60 min after mixing in order to eliminate the effect of testing device. Thus, the chemical shrinkage of AAFS paste at time t can be expressed as:
where CS(t) is the chemical shrinkage at time t (mL/g), h(t) is the water level in capillary tube at time t (mL), h(60 min) is the water level in capillary tube at 60 min (mL), and M s is the mass of solid phase in binder (g).
Workability test
The workability of AAFS paste was investigated using flow table test according to ASTM C230-14, in which the diameter of the paste spread in two directions at right angles was measured to calculate the flow value [41] . The flow value was calculated using Eq. (2). Table 2 Properties of superplasticizers.
Specific gravity (25°C) pH (25°C)
Content of chloride ion (%)
Content of alkaline (%)
where F is the flow value of AAFS paste (%), D 1 is the diameter of the paste spread in the first direction (mm), D 2 is the diameter of the paste spread in the second direction (mm), and D i is the original inside base diameter (i.e. 100 mm).
Setting time test
The initial and final setting time of AAFS paste was determined by the Vicat setting test according to ASTM C191-13 [42] . The test was conducted at a controlled room temperature of 20°C. A Vicat needle was used to measure the change of penetration depth as the structure formation can result in a reduction in the extent of penetration into the specimen. The penetration depth is the vertical distance between the initial position of Vicat needle before dropping and the final position of Vicat needle after dropping inside the paste. Accordingly, the change of penetration depth is defined as the difference between the penetration depth at first drop and that at later drop. Here, after first drop, the penetration depth is set as the initial point. Based on this point, the change of penetration depth can be calculated. In this case, the maximum change of penetration depth will be 36 mm when the paste reaches its final setting since the height of testing mould used is set constantly as 36 mm. Thus, the initial setting time and final setting time are defined as the time elapsed between the initial contact of binder and water and the time when the change of penetration depth is measured to be 25 mm and 36 mm, respectively. The data of setting help us to study early structure formation and development of AAFS pastes.
Isothermal calorimetry test
The reaction of AAFS paste at early 24 h was determined at 20°C with an isothermal calorimetry (TAM Air model, TA Instruments, USA). According to the used AL/B ratio of 0.4, 4 g of binder with different FA/GGBS ratios was mixed with 1.6 g of activator and 0.04 g of SPs in a plastic vial. Once mixed, the vial was immediately placed into the calorimeter. The data of isothermal calorimetry test contributes to investigating the early-age chemical reaction of AAFS pastes.
Internal relative humidity test
The internal RH of AAFS pastes at early 24 h was measured using humidity data logger (Onset HOBO UX100-003, MicroDAQ.-com, Ltd, USA). As shown in Fig. 4 , a hollow cylindrical filter with size of 40 Â 100 mm was placed in the cylindrical mould with size of 100 Â 150 mm to form a cylindrical hole where the humidity data logger was placed. The pastes were then placed and consolidated around the filter. After that, the mould was covered by a thick PVC plate and sealed by plastic wrap to limit the water evaporation. Finally, the samples were placed in a testing chamber with a constant temperature of 20°C and a RH of 40%. The RH in the AAFS pastes sample was recorded every 10 s for 24 h. 
Microstructure characterisation
After autogenous shrinkage test, the AAFS samples were crushed by a universal testing machine. The fracture pieces inside the AAFS samples were chosen for the microstructure tests. Before microstructure test, the specimens were stored in acetone for 3 days to stop the chemical reaction and then placed in a vacuum dryer to reach a constant weight.
The phases composition of AAFS paste was detected with the help of XRD (D8 ADVANCE, BRUKER, Germany), which used CuKa X-ray (k = 1.5418 Å) and 2h configuration in the range of 7°-70°w ith a step size of 0.01°. Here, the powder specimens for the XRD test were prepared by mechanical grinding. The pore structure of AAFS pastes was determined using MIP (AutoPore IV 9500, Micromeritics Instrument Ltd, USA). According to the applied pressure, the pore diameter varying from 0.001 lm to 1000 lm can be measured with MIP [21] . The pressure applied for MIP test was in the range from 0 to 414 MPa. The surface tension of mercury used here is 0.485 N/m, and the contact angle between the mercury and the pore surface is 130°based on previous studies [43, 44] . The porosity and pore structure can be obtained in accordance with a previous study [43] . Fig. 5a shows the autogenous shrinkage of AAFS pastes with three different amounts of slag at first 24 h after casting. It can be found that the development of autogenous shrinkage follows the similar trends but different magnitudes for all AAFS pastes. The ultimate autogenous shrinkage is recorded between 1271 me and 1740 me with increasing slag replacement level from 10% to 30%. According to previous research [45] , increasing slag proportion in AAFS pastes can densify the microstructure of reaction products due to the difference of chemical composition. The densification of microstructure may increase the capillary pressure and thus increase the autogenous shrinkage [28] . In addition, it is observed that the effect of slag at 30% replacement level on the increase of autogenous shrinkage appears to be more pronounced, in which the increasing percentage of FS30 (36.91%) is higher than that of FS20 (14.61%) as compared to FS10.
Results
Autogenous shrinkage
The kinetics of autogenous shrinkage of AAFS pastes is shown in Fig. 5b . It can be found that the highest autogenous shrinkage rate of FS30 (942 me/h) and FS20 (696 me/h) occurs at 1 h after casting. Nevertheless, the highest shrinkage rate of FS10 (201 me/h) occurs after 2 h, which is lower than those of other two samples and tends to be delayed. It indicates that the kinetics of autogenous shrinkage of AAFS pastes are significantly dependent on the slag content. Fig. 6 shows the chemical shrinkage of AAFS pastes with different slag content. It can be observed that the chemical shrinkage increases with the increase of slag content. As the slag content increases from 10% to 30%, the ultimate chemical shrinkage increases from 0.018 mL/g to 0.021 mL/g. It is indicated that the increase of slag content in AAFS pastes would accelerate the alkali-reaction process and result in a higher level of volume reduction of reaction products comparing with the original volume of unreacted binder. In addition, it is also found that the effect of slag at 20% replacement level appears to be more pronounced. The ultimate chemical shrinkage of FS20 and FS30 is increased by 13.67% and 18.15% as compared to that of FS10, respectively. However, according to previous research [28] , the higher slag content would result in a lower chemical shrinkage, which is inconsistent with the finding of this work. This can be attributed to the different molar of alkali activator used in the mixtures. Fig. 7 shows the flow value of AAFS pastes with different amounts of slag. It can be seen that the flow value decreases with the increase of slag content. When the slag replacement level increases from 10% to 30% the flow value decreases from 137.5% to 123.5%, which indicates that the increase in slag content of the mixture would lead to an increase in the viscous degree of AAFS pastes and thus reduce the workability. Moreover, when a flow value of 120% and over is achieved, the AAFS pastes can be compact well on a vibrating table. Thus, all the AAFS pastes can be regarded as highly workable pastes and the tested AAFS pastes can fulfil the requirement of workability.
Chemical shrinkage
Workability
Setting time
The change of penetration depth of AAFS pastes obtained from Vicat tests is shown in Fig. 8 , in which initial setting time and final setting time are indicated according to ASTM C191-13 [42] . The fluid-solid transition of AAFS pastes that happens around setting is strongly affected by the slag content of mixtures. The transition time between initial and final setting decreases from 2.09 h to 0.22 h with the increase of slag content from 10% to 30%. In addition, it can be found that increasing the slag content of mixtures would accelerate the setting of AAFS pastes. The initial setting time of pastes decreases from 6.24 h to 2.11 h and the final setting decreases from 8.33 h to 2.33 h when the slag content is increased from 10% to 30%. The addition of slag would contribute to the formation of C-A-S-H gel, which coexists with N-A-S-H gel [9] . In addition, the higher slag content may lead to more calcium releasing from the dissolution of slag and thus more C-A-S-H gel formation [35] . It was also reported that the hardened process is initiated by the precipitation of C-A-S-H gel, and rapid hardening is attributed to the accelerated alkali-reaction [46] . Thus, it suggests that the accelerated formation of C-A-S-H gel may shorten the setting time of AAFS pastes. Fig. 9a shows the heat evolution of AAFS pastes with different slag content within first 24 h. Two peaks can be found in the calorimetric curves, which correspond to the early dissolution of fly ash/ slag particles and the later acceleration of the formation of reaction products, respectively [47] . The first initial peak can be attributed to the early stage dissolution of fly ash/slag particles and coagulation of the resulting dissolved silicate and aluminate species [48] . The second peak can be attributed to the formation of alkali aluminosilicate gels, i.e., N-A-S-H and C-A-S-H gels, as a result of condensation reaction between silicate and aluminate species and silicate present in alkaline activator [47, 48] . The peak valley in the heat release curve between the first dissolution peak and the second accelerated peak is called induction period, which is related to the fluid-solid transition time (initial to final setting time). The shape of heat release curves for AAFS pastes is similar to each other even though the magnitudes and temporal occurrences are different. The induction period of AAFS pastes with higher slag content (FS20 and FS30) is found to be shorter than that of pastes with low slag content (FS10), which is corresponding to the fluid-solid transition time as shown in Fig. 8 . Additionally, the accelerated peaks for pastes with higher slag content are steeper and larger. This is due to the acceleration of initial alkali-reaction facilitated by the high amounts of slag, which is corroborated by the faster setting as shown in Fig. 8 . The calorimetric values in the later age show little changes because the further reaction process is controlled by diffusion. Fig. 9b presents the cumulative heat release of AAFS pastes within 24 h reaction. The initial rising portion corresponds to the dissolution of raw materials and the second rising portion is associated with the formation of reaction products. The AAFS pastes with higher amounts of slag have a higher total cumulative heat release until 24 h. This is because a higher slag content contributes to accelerating the formation of reaction products such as C-A-S-H gels [35] .
Isothermal reaction kinetics
Internal relative humidity
The internal RH evolution of AAFS pastes is shown in Fig. 10 . A similar developing trend of internal RH can be found for all AAFS pastes. In the first 1-2 h, there is a fast increase of the internal RH for AAFS pastes followed by a gradual increase to about 85% with time. Afterwards, the internal RH of AAFS pastes almost remains constant and would not decrease during the early-age autogenous shrinkage process, which is different comparing with the phenomenon found in PC system. Fig. 11 shows the XRD pattern of AAFS pastes with different slag content. A broad hump around 26°can be found, which indicates that AAFS pastes consist of a high content of amorphous phases [19] . The peaks representing mullite (Al 6 Si 2 O 13 ) and quartz (SiO 2 ) can be observed in all mixtures due to the unreacted fly ash in the AAFS samples. In addition, a peak at approximately 29-30°in 2Ø can be related to poorly crystalline C-A-S-H gel according to previous XRD studies of AAFS [35] . Furthermore, a larger diffuse peak at 20-25°in 2Ø was found in FS10 as compared to FS20 and FS30 because of the formation of aluminosilicate gel [35] . It is indicated that the C-A-S-H gel would be generated along with the N-A-S-H gel in AAFS pastes [49] .
Reaction products
3.8. Pore structure Fig. 12 shows the pore size distribution of AAFS pastes with different slag content. As the shrinkage stress induced by capillary pressure is mainly dependent on the size and volume fraction of small pores [33] , the special attention in this study is given to the variation of small pores, in particular the pores with a diameter in the range of 2-50 nm [50] . However, only pores bigger than 3.1 nm can be derived from MIP test. Thus, the fraction volume of pores larger than 3.1 nm but smaller than 50 nm is considered to estimate the variation of small pores in different AAFS pastes. The MIP results shown in Fig. 12 reveal that FS10 has the largest volume fraction of small pores (31.79%), followed by FS20 (13.64%) and FS30 (9.60%). It seems that FS10 is easier to create capillary stress during localized drying and thus cause selfdesiccation.
Discussion
According to the stiffness of pastes, the early-age autogenous shrinkage can be divided into three stages, including liquid stage (0h-initial setting time), transition stage (initial-final setting time) and hardened stage (final setting time-24 h) [37] . Thus, in order to make a comparison between cement pastes and AAFS pastes, the mechanisms of early-age autogenous shrinkage of AAFS pastes would be discussed based on these three stages. Fig. 13 shows the autogenous shrinkage of AAFS pastes as a function of chemical shrinkage. For AAFS pastes, a positive correla- tion between autogenous shrinkage and chemical shrinkage can be found in liquid stage, which is similar to the correlation existing in PC systems [51] . In transition stage (i.e., initial-final setting time), the curves become relatively flatter, which means the positive correlation tends to be weaker. Finally, a long-dormant plateau can be observed during the hardened stage, where the positive correlation between autogenous shrinkage and chemical shrinkage almost does not exist. In hardened stage, the autogenous shrinkage tends to be stable even though the chemical shrinkage continues to increase significantly. This is mainly because of the skeleton formation in this stage. Based on the discussion above, it can be concluded that the autogenous shrinkage of AAFS in liquid stage is mainly attributed to chemical shrinkage, which arises from the absolute volume reduction of reaction products comparing with the original volume of unreacted binder. This phenomenon is consistent with that found in PC systems. However, it should be noted that the chemical reaction occurred in AAFS pastes is different from that in PC systems. Thus, it is essential to make further discussions about the relationship between autogenous shrinkage and chemical shrinkage in liquid stage.
It is known that chemical shrinkage has a strong relationship with chemical reaction and it is directly proportional to the degree of hydration [52] . Thus, the relationship between autogenous shrinkage and degree of hydration can be used to further verify the correlation between autogenous shrinkage and chemical shrinkage. As seen in Fig. 14 , a positive correlation between autogenous shrinkage and cumulative heat can be clearly identified in liquid stage. This further verifies that the volume contraction by chemical shrinkage plays a dominant role in the development of autogenous shrinkage in liquid stage. However, the positive relationship becomes weak in hardened stage, which indicates that the contraction of chemical shrinkage may be not the main contributor for autogenous shrinkage in this stage.
In order to study the autogenous shrinkage mechanism of AAFS pastes in hardened stage, it is necessary to analyse the pore structure. The MIP results (see Fig. 12 ) reveal that FS10 exhibits the largest volume fraction of pores smaller than 50 nm (31.79%), followed by FS20 (13.64%) and FS30 (9.60%). A higher volume of small pores is expected to have a larger autogenous shrinkage due to the higher self-desiccation resulting from a decrease of internal RH of AAFS pastes. Therefore, FS10 is expected to cause the largest stress on the solid, corresponding to the largest autogenous shrinkage, while FS30 with the smallest volume fraction of small pores is expected to have lowest stress, corresponding to the lowest drying shrinkage. However, AAFS samples with lower volume fractions of small pores, i.e., FS20 and FS30, exhibit a higher autogenous shrinkage as shown in Fig. 5a . Moreover, it is found that the internal RH evolution of different AAFS pastes is almost the same, where the internal RH increases to about 85% within 2 h and then becomes stable until 24 h (see Fig. 10 ). This implies that the autogenous shrinkage mechanism of AAFS pastes in hardened stage may be not fully attributed to self-desiccation, which occurs in PC systems. There may be some other reaction mechanisms contributing to the autogenous shrinkage of AAFS pastes.
In fact, the chemical reaction process of AAFS pastes is similar to the sol-gel process, in which the fine colloidal particles (the sol) would connect together to form a continuous solid phase (the gel) [53, 54] . The T-O-T bonds (T: Si or Al) in fly ash particles and Ca-O and Si-O bonds in slag particles would be resolved and connected again to form new bonds in solid products during the alkaline activation process [55] . Here, the morphology of solid products depends on the degree of reversibility during the condensation process [33] . If the condensation process is nearly irreversible, a space-filling gel would form and eventually link together into a continuous gel [56] . If the condensation rate is slightly higher than the bond breaking, the products would grow along with adding new monomers [33] . In this case, the products would restructure and reorganize themselves into a more stable and denser state. In AAFS pastes, the reaction process generally occurs under conditions intermediate between the reversible and irreversible cases, in which the highly cross-linked gel products grow in size until they are large enough to precipitate out of the suspension [9, 10] . Normally, the aluminosilicate gel has dark grey in back-scattered scanning electron microscope (BSEM) image while the fly ash/slag particles have light grey, which indicates that the aluminosilicate gel has a lower density than the raw materials [19, 45] . Thus, it can be concluded that the aluminosilicate gel is a space-filling gel due to its higher volume than the original binder. However, the aluminosilicate gel would also reorganize and rearrange to a denser gel such as C-A-S-H gel [55] . This denser packing process would result in the collapse of gel pores and refinement of pore structure and finally may lead to autogenous shrinkage [57] . It is indicated that the reorganization and rearrangement of aluminosilicate gel structure would also likely contribute to the development of autogenous shrinkage of AAFS pastes in hardened stage.
The autogenous shrinkage fractions of AAFS pastes in different stages are plotted in Fig. 15 to further identify the shrinkage mechanism. The largest autogenous shrinkage fraction of AAFS pastes occurs in liquid stage (68.41%-72.57%), followed by hardened stage (17.65%-20.37%) and transition stage (6.86%-11.22%). It indicates that the chemical shrinkage mainly contributes to the autogenous shrinkage of AAFS pastes (around 70% of total autogenous shrinkage) at first 24 h after casting.
Conclusions
In this study, the early-age autogenous shrinkage of AAFS pastes with different slag content was investigated. Based on the experimental results, the main conclusions can be drawn as follows:
The development of autogenous shrinkage generally follows the similar trends but different magnitudes for all the mixtures, in which AAFS pastes with higher slag content exhibit a higher magnitude since the addition of slag would accelerate the chemical reaction process. The autogenous shrinkage of AAFS pastes in liquid stage (from 0 h to initial setting time) is mainly attributed to volume contraction by chemical shrinkage, which arises from the absolute volume reduction of reaction products comparing with the original volume of unreacted binder. This phenomenon is similar to that found in PC systems. The ultimate autogenous shrinkage of AAFS paste with 10% slag (i.e., FS10) is lower than that of AAFS paste with 30% slag (i.e., FS30). However, the volume fraction of small pores of FS10 (31.79%) that is related to self-desiccation resulting from a decrease in internal RH is much higher than that of FS30 (9.60%). In addition, the internal RH evolution of all AAFS pastes during the early 24 h is almost the same. It indicates that the autogenous shrinkage of AAFS pastes may be not fully attributed to self-desiccation in hardened state. Some other mechanisms including the continuous reorganization and rearrangement of aluminosilicate gel structure may also contribute to autogenous shrinkage. The autogenous shrinkage of AAFS pastes at first 24 h after casting occurs mainly due to volume contraction by chemical shrinkage in fresh state, which occupies approximately 70% of total autogenous shrinkage.
